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Complex, optically functional surfaces in organic polymers can be fabricated by repli- 
cating relief structures present on the surface of an elastomeric master with an ultraviolet 
or thermally curable organic polymer, while the master is deformed by compression, 
bending, or stretching. The versatility of this procedure for fabricating surfaces with 
complex, micrometer- and submicrometer-scale patterns was demonstrated by the 
production of (i) diffraction gratings with periods smaller than the original grating; (ii) 
chirped, blazed diffraction gratings (where the period of a chirped grating changes 
continuously with position) on planar and curved surfaces; (iii) patterned microfeatures 
on the surfaces of approximately hemispherical objects (for example, an optical surface 
similar to a fly's eye); and (iv) arrays of rhombic microlenses. These topologically com- 
plex, micropatterned surfaces are difficult to fabricate with other techniques. 

R e p l i c a  lnolding of a11 organic polymer (for 
example, poly~lrethane, polymethylmethac- 
rylate, or epoxy) against a n  elastomeric 
inaster [made, for example, of polu(dimeth- 
ylsiloxane) (PDMS)],  \vhile that master is 
deformed, provides a strategy for the  fabri- 
cation of complex micropatterns o n  surfac- 
es. Deformatio~l of the  elastomerlc master. 
follo\ved by replication of the  structures 
vresent on the s~lrface of the  defor~ned mas- 
ter in  the rigid polymer, provides a route to 
structures that xv0~11d be ilnoracticallv diffi- 
c ~ l l t  to generate t h r o ~ ~ g h  other procedures. 
Molding and elnhossillg of organic poly~ners 
against rlgid masters is used to ~ n a ~ l ~ ~ f a c t ~ ~ r e  
optically filllctional microstr~~ctures such as 
diffraction gratings ( 1 )  and compact disks 
(2 ) .  T h e  procedure described here differs In 
the use of an  elastolneric master. and i n -  
portant features of the repllca structure are 
generated by the lnecha~lical deformation 
of this lnaster (3 ,  4). Deformation of the 
elastomeric lnaster occurs isotropically, and 
simple, regular, planar microstruct~~res 
vresent o n  the  orlullla1 surface call he trans- " 

formed into topologically and spatially 
comvlex m i c r o s t r ~ ~ c t ~ ~ r e s  in the  revllca with 
good preservatloll of optically relevant 
characteristics, S L I C ~  as grating regularities 
and blazing. 

In  the procedure for replica lnoldillg 
agalnst an  elastolneric Inaster under me- 
chanical compressLon (5, 6)  (Fig. lA) ,  a 
liquld prepolylner reaction mixture of 
PDMS IS cast against a rigid Inaster \vhose 
surface has been patterned in  an  appropri- 
ate relief structure (a  diffraction gratmg or a 
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nlore complex structure ~ n a d e  by photoli- 
thography or micromachining). After cur- 
ing, the  cross-linked PDMS is peeled froin 
the master; its surface replicates the surface 
of the rigid master. These replicated fea- 
tures are then reconfigured by the  mechan- 
ical colnpression of the  elastolneric master, 
and the deformed structure is renlicated bv 
the  casting of ultraviolet-curable l i q ~ ~ i d  
po ly~~re thane  (PU)  against it. If desired, this 
procedure can be repeated, with the PU 
replica ~ ~ s e d  as the  starting point, to make 
structures nlore complex than can he gen- 
erated in  one cycle (although wlth some 
degradatio~l in  the quallty of the  fabricated 
optlcal surface). 

In  the  procedure that we used to fahri- 
cate diffraction gratings o n  cyli~ldrical sur- 
faces (Fig. l B ) ,  a thin PDMS lnaster ( 5 5 0  
F1n thick) was bent to inake co~lfornlal 
contact with a curved s~lrface coated with a 
th in  film of l iq~ud  PU. After curing of the 
PU,  the  PDMS master was removed to re- 
veal the  PU replica on the s~lrface of the 
cvlindrlcal s~~bs t ra t e .  A similar vrocedure 
was used to produce an  approxi~nately 
hemispher~cal object having micropat- 
terned relief structures o n  its surface (Fig. 
1 C ) .  W e  mounted a th in  PDMS lnaster 
(-1 lnln thick) across the  end of a hollo\v 
glass tube and deformed it by applying pos- 
itive or negative pressure through the  tube. 
T h e  res~llting s~lrface \\>as replicated 111 PU.  

Cross-sectional scanning electron micro- 
graphs (SEMs) (Flg. 2, A through C) show a 
square-wave test pattern produced in PU 
over several cycles of replication in PDbIS, 
compression, and replication 111 PU. Using 
this test structure, we fo~lnd that two cycles 
of compression and replication reduced the 
size of some features ( that  is, the recessed 
areas o n  the master) from -1.6 ~m to -200 
llln and reduced the period of this test pat- 

tern from -3.6 to -1.5 ~ m .  During the 
cycles of co~npressio~l and replication, the 
dimensions of the recessed areas decreased 
more than those of the raised areas. T h e  
red~lctiolls in dimellsions that were observed 
were consistent with the computer-simulat- 
ed results (Fig. 1 A )  (7). Because profiles of 
the relief lnicrostr~lct~lres o n  the elastomeric 
master challged in a predictable and control- 
lable way under mechanical deformation, 
the lnaster c o ~ ~ l d  be fabricated such that the 
relief microstruct~~res have the proper pro- 
files after deformation. Fig~lre 2B is an  ex- 
pansion of the smallest features (-200 n m )  
that have been made; a larger field view of 
these features (Fig. 2C)  illustrates their reg- 
~llarity. This procedure thus allows the for- 
mation of gratings with a range of v a l ~ ~ e s  of 
the period starting from a single master. 

By compressing one end of the elastolneric 

I Pee off PDMS 
I 

1.6 p m  2pm Finite element analysis 

fim~ 1 1) Compress (0% strain) 

1 1) Cure PU 
2) Peel off 

~6 / cu re  PU, peel off PDMS ~~ 

/cure PU, peel off 

vm- 
Fig. 1. Schematic procedures for molding-rep- 
cation aga~nst an elastomeric master under (A) 
mechanical compression, (B) bend~ng, and (C) 
stretchng. In the finite element analysis of the ma- 
terial response of the PDMS master to mechancal 
compression, t was assumed that the top surface 
of the PDMS master was stress-free and that the 
Poisson's ratio of PDMS was 0.4 [see (7)]. 
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master more than the other. we were able to 
fabricate a chirped diffraction grating-a grat- 
ing whose period changes continuously with 
position (8). More interestingly, the shape of 
the diffracting elements was largely preserved 
in this process: if we used a blazed grating as 
the starting master, the resulting chirped PU 
replica was also a blazed grating (Fig. 3, A and 
B). The period (A) of this chirped, blazed 
grating changed continuously From a value of 
-1.55 to -1.41 p.m over a distance of -0.9 
cm: the rate of chirping (dA/dz) was -1.6 x 
lop5. This grating was characterized in trans- 
mission at normal incidence. Fieure 3C shows 
the diffraction patterns (the zko-order and 
the two first-order peaks) of the PDMS mas- 
ter, its PU replica, and the chirped PU grat- 
ing. The PDMS grating and its PU replica 
were not operated in the blazing condition. 
The two first-order diffraction peaks had sim- 
ilar intensities (9). . , 

The relief pattern bn the surface of a 
planar, chirped, blazed grating could be eas- 
ily transferred onto a curved surface by rep- 

Fig. 2. (A) Cross-sectional SEMs of the original 
master (generated in a photoresist film coated on a 
silicon wafer by photolithography) and the PU rep- 
licas generated after different cycles of replication in 
PDMS, compression, and replication in PU. Gold 
(-60 nm thick) was sputtered onto the PU replicas 
before the SEM images were taken. (B) An enlarge- 
ment and (C) a larger field view of the smallest 
features (-200 nm) that have been fabricated by 
this procedure. 

lica molding against a thin PDMS master 
cast from this planar grating (Fig. 1B). Fig- 
ure 4A is an optical photograph of a 
chirped, blazed grating that was fabricated 
on a negative cylindrical lens [a concave 
grating (I)]. The shape of the diffracting 
elements was preserved in the process of 
bending and replication (Fig. 4B). 

Figure 4, C and D, shows SEM images of 
a hemispherical PU object with a pattern of 
relief microfeatures on its surface (a fly's 
eye; Fig. 1C) (10). The shape of this poly- 
meric object can be easily tuned by chang- 
ine the thickness of the PDMS master, the 

used to change their shape while preserving 
size (Fig. 4, E and F) (1 1 ,  12). One-dimen- 
sional compression changed the shape of 
the microlenses from square to rhombic. 
We could readily fabricate microlenses with 
different geometric shapes and therefore 
different focusing characteristics. 

Molding-replication against a deformed 
elastomeric master is a strategy for making 
topologically complex structures with mi- 
cropattemed surfaces: it allows the size and 
s h a ~ e  of features Dresent on the surface of 
the master to be changed by using mechan- 
ical compression, bending, stretching, or a 
combination of these techniques, and gen- 
erates complex structures with variable fea- 
ture sizes from simple, regular structures. 
The highly isotropic deformation in the 
shape of relief patterns on the master per- 

a i l i e d  pressure, or both. A range of differ- 
ent relief pattems could be made; the small- 
est feature had a size of -1.5 p.m. 

In addition to reducing the size of fea- 
tures, mechanical compression can also be 

mits micropatterned structures to be formed 
with gradients in size and shape. 

We believe that this strategy will have 
broad application in applied optics: the 
chirped, blazed grating on a nonplanar sur- 
face is a good example of a structure that 
would be difficult to produce by other pro- 

c POMS master 

(Source) Unchirped PU replica 

Chirped PU replica 
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Diffraction angle (4 [degrees) 

Fig. 3. Cross-sectional SEMs of (A) a commercial 
blazed diffraction grating and (B) selective regions of 
a planar, chirped, blazed PU replica grating that was 
fabricated by molding against the PDMS master 
while it was compressed asymmetrically. The fact 
that the two ends of the blazed grating seem to have 
different orientations for the blazing is an artifact of 
the orientation of the grating when the micrograph 
was taken. (C) Diffraction pattems from the PDMS 
master, its PU replica, and the chirped PU grating. A 
He-Ne laser (wavelength h = 632.8 nm) was used. 
The insets show images of the laser source and one 
first-order diffraction spot, respectively. 

cedures. It may also be useful in other ap- 
plications that use complex micropatterned 
surfaces [for example, cell culture with an- 
chorage-dependent cells (1 3),  studies relat- 
ing interfacial structure to properties such 

Oriainal master PU reolica 

Fig. 4. (A) An optical photograph of the chirped, 
blazed grating fabricated on a negative cylindrical 
lens. (B) The SEM micrograph of this grating. (C and 
D) SEMs of a polymeric dome-shaped object and 
the relief pattems on its surface. (E) The SEM image 
of an array of square PU microlenses assembled on 
a silver substrate with patterned hexadecanethiolate 
self-assembled monolayers used as the template. (F) 
The SEM of an array of rhombic PU microlenses that 
was produced by molding-replication against the 
PDMS master cast from the PU structure of (E) under 
one-dimensional compression along the vertical di- 
rection (as indicated by arrows). 
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as wetting or adhesion (14) ,  and fabrication 
of microelectrornechanical systems (15) 
and sensors ( 16)]. 
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Cytoplasmic Tail-Dependent Localization of 
CDl b Antigen-Presenting Molecules to MllCs 
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CDI proteins have been implicated as antigen-presenting molecules forT cell-mediated 
immune responses, but their intracellular localization and trafficking remain uncharac- 
terized. CDl b, a member of this family that presents microbial lipid antigens of exog- 
enous origin, was found to localize to endocytic compartments that included the same 
specialized subset of endosomes in which major histocompatibility complex (MHC) 
class II molecules are proposed to bind endocytosed antigens. Unlike MHC class II 
molecules, which traffic to antigen-loading endosomal compartments [MHC class II 
compartments (MIICs)] primarily as a consequence of their association with the invariant 
chain, localization of CDI b to these compartments was dependent on a tyrosine-based 
motif in its own cytoplasmic tail. 

Non-MHC encoded CD1 molecules have 
been inlplicated as a fanlily of P2-microglobu- 
lin-associated nonpolymorphic polypeptides 
that function in antigen presentation. Identi- 
fication of a T cell line that recoenizes mv- " 
colic acid, a complex fatty acid from the my- 
cobacterial cell wall, in a CDlb-restricted 
fashion (1) and the s~~bsecluent derivation of 
two other CDlb-restricted T cell lines that 
recognize lipoarabit~omannan from Mycohac- 
terium lebrae delnonstrate the ca~abilitv of 
C D l b  to'present exogetlously derived micro- 
bial lipid antigens (2).  These CDlb-restricted 
lipid and glycolipid antigens appear to req~~i re  
intracellular processi~~g in acidic compart- 
ments, as do peptide antigens presented by 
MHC class I1 molec~~les (1, 2). Thus, it is 
proposed that C D l b  molecules, despite their 
M H C  class I-like protein structure ( 3 ) ,  might 
traffic to endocytic compartments, incl~~ditlg 
those in which MHC class I1 molecules en- 
counter endocvtosed antigens. - 

As was consistent with this hypothesis, 
C D l b  induced on ~erioheral blood monocvtes 
by stiln~rlation with granulocyte-macrophage 
colony-stimulating factor (GM-CSF) and in- 
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terleukin-4 (IL-4) (1) was foulld by immuno- 
fluoresce~~ce microscopy not only on the cell 
surface, but also in peripherally distributed 
vesicles into which Texas Red-collj~~gated 
ovalbumin was endocytosed (Fig. 1). Double 
labeling of CDlb' lnonocytes with antibodies 
against lysosome-associated lnenlbrane pro- 
tein 1 (LAMP-1, a marker of late endosornes 
and lysosomes) showed that most CDlb' en- 
docytic vesicles coexpressed this protein (4).  
Furthermore, most CDlb' vesicles in mono- 
cytes, as well as in a CDlb-transfected human 
B cell line (ClR/CDlb)  (1) stained with an- 
tibodies to MHC class I1 nlolec~~les (4). This 
profile was characteristic of the recently de- 
scribed MHC class I1 cotnpartment (MIIC) of 
specialized or "professional" antigen-present- 
ing cells, which is the proposed site at which 
newly synthesized MHC class I1 molecules 
accumulate and acquire exogenous peptide 
antigens (5-7). 

Previous studies using electron n~icroscopy 
have identified MIICs nlorphologically as 
e1ectr011-de11se structures, characterized by ex- 
tensive rllelllbrane itlvaginations producing 
either a multivesicular or~multilamellar ap- 
pearance (5-7). Immunogold-labeled trans- 
mission electron ~nicroscopy of ultrathin 
cryosections of GM-CSF- and IL-4-stirnu- 
lated monocytes revealed expression of 
C D l b  in M H C  class 11-positive dense mul- 
tilamellar organelles (Fig. 2A),  w h ~ c h  were 
characteristic of MIICs previo~~sly observed 
In mononuclear phagocytes (8). As was 
consistent with the localization of C D l b  in 
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